Maintaining a sustainable egg bank through rapid maturation and the production of large clutches is an important strategy for large branchiopods surviving in ephemeral habitats, and such egg banks can only be replenished by the recruitment of hatched eggs as a function of fitness (F). The ability to reach a threshold F represents a key adaptation to selection pressures. We investigated daily changes in the population density/size and hatching numbers of fairy shrimp, Branchinella kugenumaensis, and estimated their F values in an ephemeral pool, Siangtian Pond, in northern Taiwan during 2005, and four cohorts were observed. The number of hatchings per cohort ranged from 1:97|10 7 to 5:54|10 7 , representing a hatching density between 1.42 and 2.83 nauplius : L {1 , and the number of newly produced eggs per cohort ranged from 2:47|10 7 to 1:19|10 8 , representing a high level of recruitment, ranging from 10,631 to 37,425 eggs : m {2 in the sediment, which yielded a mean fitness of 2.05 produced eggs per hatching (CI 5 1.82 , 2.35). The threshold F for replenishing the hatched portion of the egg bank was derived theoretically and ranges from 1.39 to 2.36, varying with the probability of reproduction failure and the rate of egg mortality. Because only a small fraction of the egg bank hatches during each inundation episode, the observed F may not be sufficient for replenishing the remaining egg bank. Therefore, additional strategies for long-term persistence are required, which may be achieved by exhibiting occasional indeterminate growth in addition to the regular determinate growth pattern of this species.
INTRODUCTION
Fairy shrimp are branchiopod crustaceans that typically inhabit ephemeral or vernal pools characterized by periodic drought and inundation. To persist through dry phases in their habitat, a stable egg bank size is crucial (Cohen, 1968; Brendonck, 1996; Brendonck and Riddoch, 2000; Maffei et al., 2002; Brendonck and De Meester, 2003; Ripley et al., 2004; Sarnelle and Knapp, 2004) . During the inundation phase, some fraction of the egg bank hatches into nauplii, matures quickly, and then produces new eggs before the habitat dries up (Hildrew, 1985) . In this scenario, every hatched egg needs to produce at least one new egg for the egg bank to maintain a stable egg bank. Failure of this recruitment could jeopardize the long-term persistence of fairy shrimp (Ripley et al., 2004) . The average number of eggs produced per hatched egg, i.e., the reproductive fitness (F), can generally be expressed by the following equation:
where E and N0 represent the eggs produced per generation (cohort) and the number of hatched eggs ( Fig. 1) , respectively, which provides a valid index for exploring the dynamics and persistence of branchiopod egg banks.
Although the minimum requirement for maintaining a stable egg bank for persistence is theoretically F 5 1, a number of factors could negatively impact the size of an egg bank (Fig. 1 ). For example, the mortality of dormant eggs continuously decreases the viable size of an egg bank (Hairston et al., 1995; Simovich and Hathaway, 1997; Brendonck and De Meester, 2003; Ripley et al., 2004) . The reproductive failure that occurs when individuals die prior to reproduction also depletes egg banks (Philippi et al., 2001; Brendonck and De Meester, 2003; Ripley et al., 2004; Huang et al., 2010) . As a result, the threshold fitness (F T ) will evolve to compensate for the loss resulting from these negative factors. Furthermore, because F T is dependent on the spawning of the females, a threshold fecundity per female (f T ) is expected to ensure a stable egg bank size for long-term population persistence, which, in turn, determines the threshold body size and age at the first spawning (Huang et al., 2010) .
The fairy shrimp Branchinella (Branchinellites) kugenumaensis (Ishikawa, 1895) has been reported in western Japan, Korea, eastern China, and Taiwan (Raj, 1961; Brendonck and Belk, 1997; Yamada, 1999; Grygier et al., 2002; Huang et al., 2010) and usually inhabits rice fields, shallow muddy pools and ditches (Brendonck and Belk, 1997; Yamada, 1999; Grygier et al., 2002) . In Taiwan, B. kugenumaensis has only been reported thus far in the JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 254-259, 2011 ephemeral Siangtian Pond (818 m a. s. l., 25u109260N, 121u299560E), which was originally a crater of an extinct volcano (Mt. Siangtian) located in the Yangmingshan National Park in northern Taiwan (Huang et al., 2010) . Although B. kugenumaensis can reproduce iteroparously, empirical data show that it produces discrete rather than continuous clutches. The latter behavior has only been observed during long inundation periods interrupted by secondary growth periods (Huang et al., 2010) . In this study, we monitored the population sizes of B. kugenumaensis in four cohorts in 2005 by systematically investigating their population density. We estimated their mean fitness based on population trends and life history traits measured in each cohort. Our study provides an empirical model for quantifying the annual recruitment of an egg bank.
MATERIALS AND METHODS

Study Site
Siangtian Pond is typically dry during the winter months and inundated by summer rains associated with the typhoon season, or occasionally, by frontal systems. During the inundation season, the depth and area of the pool vary greatly with rainfall, which is unpredictable in both timing and volume. Siangtian Pond usually dries out in less than three weeks, primarily due to its porous soil and lack of replenishment from further rainfall, even though the initial inundation can reach more than 450 cm in depth (Huang et al., 2010) . Occasionally, replenishing rainfall accompanying typhoon activities may refill the pool before it fully dries and prolong the inundation period by as much as one month or more (Huang et al., 2010) .
Sampling Methods
In 2005, four inundation periods occurred at Siangtian Pond following heavy typhoon rains (Table 1 ). Four cohorts of B. kugenumaensis associated with these inundation events were monitored by routine surveys every one to two days. In each survey, we measured the water depth at the pool center, collected 30 , 60 live specimens for a life history study, and determined the population density of B. kugenumaensis at different sites around the pool using GPS records. The initial water depth (D 0 , in cm) could not be directly measured during typhoons due to hazardous weather conditions. Instead, we measured the water depths after typhoons or frontal systems had passed, usually two to four days after the event, and extrapolated D 0 based on the subsequent rate of decrease in the water depth (Huang et al., 2010) . The sampling sites were designed to follow two concentric routes, one peripheral route starting from the edge region of the pool (with water depths of approximately 30 , 60 cm) and another extending concentrically along a 120-cm isobath line (Fig. 2 ). However, with water seeping from the pond bottom and the pond area shrinking daily, the actual positions of the routes consequently changed. When the depth at the pond center was less than 120 cm, the sampling sites only included the pond edge and pond center. The distance between each sampling site was approximately 7.5 m. The population density of B. kugenumaensis was measured by dividing the total number of B. kugenumaensis collected in a custom-made plankton net (length | width 5 14.5 cm | 12 cm, mesh size 5 0.5 mm) by 5 L, which was approximately equivalent to the total volume covered by horizontally sweeping the plankton net along a 30-cm distance underwater. At each sampling site, the population density of B. kugenumaensis was measured every 30 cm in depth. To reduce the disturbance caused by human movements, we waited for at least one minute before sampling upon arriving at each sampling site.
Population Size Estimation
The area of Siangtian Pond (A i (t), in m 2 ) on the t th sampling day for the i th inundation cohort was calculated from GPS records of the sampling sites. Using depth records (x i (t), in m), we constructed a relationship between A i (t) and x i (t) with a general linear model (GLM). Then, we estimated the volume of Siangtian Pond (V(x i (t)), in m 3 ) at each specific depth x i (t) using the following equation:
We then calculated the mean density of B. kugenumaensis (D i (t), number of fairy shrimps per L) from the density records of the sampling sites (d i,j,k ), which corresponds to the j th depth level at the k th sampling site. The population size on the t th day of the i th inundation period (N i (t)) was therefore calculated using the following equation:
Then, the population trend was constructed through an exponential model (Sarnelle and Knapp, 2004 ) using a GLM, as follows:
where N0 i , m and t 0 represent the number of hatchings in the i th inundation, the instantaneous rate of decline, and the duration between inundation and the appearance of the first nauplii, respectively.
Fecundity per Hatched Egg
We recorded the body lengths of live females and the dates of the first spawning of eggs of the i th inundation period (LS i and TS i , respectively). According to Huang et al., (2010) , the fecundity per female for each cohort (f i ) can be calculated using the following equation:
Then, we further estimated the total fecundity for the i th inundation (E i ) using the following equation:
where r i is the ratio of females in the i th cohort (inundation). Finally, we calculated the fitness for each inundation (F i ) and the mean fitness (F) according to the following equation:
and:
RESULTS
In 2005, four inundation periods (i~1*4) and four cohorts of B. kugenumaensis were monitored by collecting data regarding inundation duration (in days), initial water depth, life history, and sex ratio ( Table 1 ). The inundation periods lasted from 11 days (cohort P 3 ) to 14 days (cohort P 1 ). The time from inundation to spawning (TS i ) ranged from 9 to 10 days, with little variation. According to the GPS records of all of the edge sites, we calculated A i (t), which was highly correlated with x i (t) according to GLM analysis (A i (t)~2392:4|x i (t), r 2~0 :98, P , 0.001). Therefore, the pool volume V(x i (t)) was estimated using the following equation:
Although D i (t) increased daily, the population size decreased exponentially (Fig. 3 ), as follows: 
DISCUSSION
Ephemeral habitats are characterized by high stochasticity and unpredictability. Inundation lengths are difficult to predict, because they are dependent on the amount of precipitation. Despite some mechanisms that trigger eggs to hatch under suitable conditions (Hall and MacDonald, 1975; Khalaf and Hall, 1975; Mura, 1993; Brendonck, 1996; Vanschoenwinkel et al., 2010) to ensure sustained reproductive fitness, reproductive failure still occurs when Fig. 2 . The two routes (peripheral (edge) and the 120-cm isobath line) used for sampling the B. kugenumaensis density at Siangtian Pond. This figure shows the sampling routes in the early days of inundation (depth at pool center . 300 cm). Because water was lost by seeping through the pond bottom and because the pond area decreased daily, the actual position of the routes changed. When the depth at the pond center was less than 120 cm, the sampling sites only included the pond edge and pond center.
nauplii hatch but do not reach sexual maturity (Ripley et al., 2004; Huang et al., 2010) . Under pressure for long-term persistence, a number of adaptive strategies are expected to have evolved, and at least two strategies are required. First, the period between hatching and spawning must be shorter than the inundation period, although this may cause a decrease in fecundity due to early maturation. Our results for B. kugenumaensis demonstrate that TS values are usually shorter than the inundation duration (Huang et al., 2010) . Because TS plays a key role in baseline fecundity, it should be sensitive to climate variations and should adapt to local climate phenology patterns (Hildrew, 1985; Vanschoenwinkel et al., 2010) .
The second adaptive mechanism involves maintaining a viable egg bank size. When an egg bank shrinks to a certain size, it may not be able to support persistence, primarily because of the Allee effect, resulting from extremely low density (Sarnelle and Knapp, 1995) . Even when an egg bank is repeatedly reinforced by new cohorts, it does not guarantee that the egg bank will be maintained at a viable size, especially when most inundation durations last only long enough to produce one clutch. This type of inundation phenology can lead to the evolution of threshold fecundity for each individual or cohort.
Threshold Fecundity for B. Kugenumaensis
A threshold fecundity, F T , is required to compensate for the annual egg loss resulting from egg mortality and reproductive failure (Hairston et al., 1995; Brendonck and De Meester, 2003; Ripley et al., 2004) . Here, we assume that F T is determined by the probability of reproductive failure (g) and the rate of egg mortality (m e ), as follows:
For B. kugenaemensis in Siangtian Pond, g is estimated as less than 0.154 (two reproduction failures in 13 hatching cohorts) (Huang et al., 2010) . Assuming that m e ranges from 0.15 to 0.50 per year, based on other fairy shrimp species (Simovich and Hathaway, 1997; Ripley et al., 2004) , F T should range from 1.39 to 2.36 for B. kugenumaensis in Siangtian Pond. The value of F T further determines two threshold parameters that are crucial for large branchiopods to persist r Fig. 3 . Exponential decline in the population size (N i (t)) of B. kugenumaensis with time after inundation (t) for the four cohorts (P 1 , P 2 , P 3 and P 4 ) during 2005. 
where s(a) represents the number of survivors at spawning. If TS averages 9 days (Huang et al., 2010) , s(a) will be 0.216 on the basis of the rate of population decline (equation [10] ). Accordingly, f T will range from 12.9 to 21.9, correlating with the range of m 0 , which is 0.15 to 0.50. From equation [5] , we calculate the theoretical LS T value backward, which ranges from 11.3 to 13.4 mm. The theoretically derived range of LS T is highly consistent with our field records of LS i at Siangtian Pond (Huang et al., 2010) , revealing that the pattern of growth and reproduction, i.e., the life history pattern of this local population, has adapted to the highly stochastic environment of Siangtian Pond.
Effect of Growth Patterns on Egg Banks
In the beginning of each inundation period, only a small fraction of the egg bank hatches in order to avoid catastrophic depletion of the egg bank due to reproductive failure (Brendonck, 1996; Brendonck and De Meester, 2003; Ripley et al., 2004) , leaving the non-hatched fraction in a diapausing/dormant state, not to be replenished. If inundations lasting only long enough to produce one clutch continuously occur, the viable size of the egg bank may shrink due to the mortality of non-hatched eggs, even when the egg bank is routinely supplied with new cohorts.
In Siangtian Pond, the inundation phenology is characterized by frequent and usually short inundation episodes, while occasional long inundation episodes occur when successive typhoons arrive approximately two to three weeks before or near the end of the previous inundation, as was recorded in 2004 and 2008. As a result, two forms of growth occur, determinate and indeterminate growth, corresponding to short and long inundation episodes, respectively (Huang et al., 2010) . During the more frequent short inundations, the fairy shrimp produce only one clutch per cohort so that the produced eggs may be simply enough to compensate for the hatched portion of the egg bank. In contrast, during long inundation episodes, B. kugenumaensis exhibits a discontinuous indeterminate growth pattern and produces discrete clutches immediately after each fast growth stage. In this scenario, B. kugenumaensis becomes substantially more fecund over successive clutches by allometrically increasing its clutch size due to an increase in body length (Huang et al., 2010) . As a result, the mean fitness (F) will substantially increase, such that the hatched eggs are not only replaced, but the hatching capacity of the egg bank is increased. Although the cohorts of short inundations may not be able to replenish the non-hatched portion of the egg bank, they can form a generationally overlapping egg bank because short inundations usually occur several times a year in Siangtian Pond. Thus, the genetic diversity of fairy shrimp can theoretically be maintained (Ellner and Hairston, 1994; Hedrick, 1995; Brendonck and De Meester, 2003) . This diversity is worthy of further study, both empirically and theoretically.
The dynamics and structure of large branchiopod egg banks provide important insight into the ecological and evolutionary impacts of ephemeral habitats (Brendonck and Riddoch, 2000; Brendonck and De Meester, 2003; Ripley et al., 2004) . This study provides an empirical estimation of initial hatching (N0) and recruitment (E), which are two important parameters determining egg bank dynamics and structure (Ripley et al., 2004) . Empirical investigation into the hatching strategies and cohort parameters and the application of theoretical models of egg bank dynamics will provide essential information regarding how B. kugenumaensis adapts to various ephemeral, stochastic and unpredictable habitats. Further studies on intraspecific variations at different sites, with different inundation phenologies, could illuminate the mechanisms underlying branchiopod responses to fluctuations in environmental variables in terms of reproductive fitness.
